Introduction {#s0001}
============

Epilepsy is one of the most chronic neurological disorders affecting millions of people worldwide (Caraballo and Fejerman [@CIT0003]). Neuron damage, degeneration and apoptosis are the major consequences of status epilepticus (Hoppe et al. [@CIT0009]), which can lead to cognitive impairment in the human brain (Laxer et al. [@CIT0015]). Approximately one-third of patients suffer from cognitive deficits and present with serious neuropsychological problems (Bell et al. [@CIT0002]), such as slow response and poor concentration and memory (Maschio et al. [@CIT0017]).

To date, first-line antiepileptic drugs (AEDs) have been given priority in the clinical treatment of epileptic seizures (Stafstrom and Carmant [@CIT0021]). Among these AEDs, carbamazepine (CBZ) is commonly used and shows prominent efficacy in decreasing epileptogenesis (Waisburg and Alvarez [@CIT0025]). Long-term use of CBZ, however, can bring drug resistance, reduce its clinical curative effect and induce cognitive dysfunction (Gierbolini et al. [@CIT0006]). As studies have shown, it is feasible to use traditional Chinese medicine in epileptic patients (Wu et al. [@CIT0028]), for its better acceptability in the human body and fewer side effects compared with chemical drugs, thus providing a new method of epileptic therapy (Hijikata et al. [@CIT0008]). Several traditional Chinese medicines have been used in combination with CBZ in clinical practice, such as Compound Danshen Dripping Pills (Jia et al. [@CIT0012]), Gastrodia capsules and Songling Xuemaikang capsules (SXC), which show distinctive superiority in antiepileptic treatment (Hu et al. [@CIT0011]).

SXC is a traditional Chinese patent medicine mainly containing the commonly used herbal medicines *Radix Puerariae lobatae* Ohwi (Leguminosae.), *Pinus densiflora* Sieb. et Zucc. (Pinaceae) and has been authorized by the Chinese Pharmacopoeia (Yang et al. [@CIT0032]). Puerarin, which is the active pharmaceutical ingredient in *Radix Puerariae lobatae*, can protect the vascular endothelium and alleviate ischaemic brain injury (Wu et al. [@CIT0027]). Its mechanism may be related to downregulation of neuronal apoptosis from activation of the phosphatidyl-inositol 3 kinase/Akt (PI3K/Akt) signal pathway (Xie et al. [@CIT0031]). PI3K is an intracellular phosphatidyl-inositol kinase whose products activate the expression of Akt (Poornima et al. [@CIT0018]). Increased expression of phosphorylated Akt protein has been observed to be beneficial in reducing the apoptosis of hippocampal neurons (Lin et al. [@CIT0016]). Caspase-9 is a start-up enzyme that is considered to be an initiator and central part of the cell apoptosis pathway (Würstle et al. [@CIT0030]). The activated kinase Akt can phosphorylate caspase-9 (Zhang et al. [@CIT0033]), thus blocking the cell apoptosis process and protecting the hippocampus from neuronal damage (Kawamoto et al. [@CIT0013]). Studies (Wei et al. [@CIT0026]) have found that the administration of SXC together with CBZ can increase the concentration of CBZ in the brain, suggesting that it is preferable to treat epileptic seizures by the combined administration of SXC and CBZ.

To verify the antiepileptic effects of SXC and CBZ, kainic acid-kindled rats were established and treated with SXC, CBZ and their combination, after which the behaviour of epileptic seizures and cognitive changes were carefully observed. In this study, we also investigated neuronal protection and the role the administration of SXC and CBZ could play in regulating p-Akt, Akt and caspase-9, thereby clinically providing an experimental basis for application of the medication.

Materials and methods {#s0002}
=====================

Animals and treatment {#s0003}
---------------------

Seventy adult male SD rats (220 ± 20 g) were obtained from the GLP experimental centre of Lanzhou University. The animals were raised in a temperature-controlled room (19 ± 1 °C) with a 12 h light/dark cycle and were allowed free access to food and water. All animal experimental procedures were performed in accordance with the animal care guidelines of the Institutional Animal Care and Use Committee and approved by the Animal Ethics Committee of Lanzhou University Second Hospital.

All of the rats were anaesthetized with 10% chloral hydrate intraperitoneally (0.35 g/kg body weight) and fixed into a stereotaxic apparatus (Brain Stereotaxic Instrument, RWD Life Science Co., Ltd., China). The dorsal surface of the skull was exposed with a midline incision. Based on the stereotaxic atlas, a burr hole was drilled at the following location (coordinates from the bregma: anterior-posterior = −0.85 mm, lateral = −1.90 mm, ventral = −5.5 mm). The SD rats were randomly divided into five groups (*n* = 14): a control group, a CBZ group, a SXC group, a combination group of SXC + CBZ and a saline sham-operated group. The first four groups were injected with 0.45 μL kainic acid slowly over 10 min (1.0 μg/μL, \#K0250; Sigma-Aldrich, St. Louis, MO), whereas the saline group was injected with normal saline. All surgeries were performed under anaesthesia with chloral hydrate and efforts were made to minimize animal suffering. Additional care was taken the days following an operation by providing the animals with comfortable space and enriched soft food.

The epileptic rats were continuously treated with their respective substances for 60 days, the CBZ group with CBZ (50 mg/kg/d), the SXC group with SXC (600 mg/kg/d) and the combined group with SXC (600 mg/kg/d)+CBZ (50 mg/kg/d), whereas the rats in the saline and control groups were treated with saline solution (2.5 mL/kg/d). The doses of drugs administered to animals were calculated accordingly to the body surface area by Meeh-Rubner Equation (Wu et al. [@CIT0029]). The CBZ (0.1 g/tablet, \#4080232LA; Shanghai Zhongxi Pharmaceutical Co., Ltd., China) and SXC (0.5 g/capsule, \#20150125; Kanghong Pharmaceutical Co., Ltd., China) were ground and dissolved in normal saline solution before use.

Behavioural observation {#s0004}
-----------------------

Rat seizure behaviour was determined according to Racine's scale (Phelan et al. [@CIT0019]): stage 0, no response or seizure behaviour; stage I, facial twitches such as chewing and winking; stage II, chewing and head nodding; stage III, unilateral forelimb clonus convulsion; stage IV, bilateral forelimb convulsion and rearing; and stage V, bilateral forelimb clonus, rearing and rolling. All of the behavioural changes were carefully observed by the same observer, and the number of behaviours above stage III was recorded.

Morris water maze test {#s0005}
----------------------

The Morris water maze consisted of a round pool 100 cm in diameter and 50 cm in depth (WMT-100; Taimeng Technology Co., Ltd., China). The pool was filled with water at 21 ± 1 °C and divided into four quadrants: northeast (NE), southeast (SE), southwest (SW) and northwest (NW). A hidden escape platform of 10 cm in diameter was submerged with 1 cm beneath the liquid surface in the centre of the NE quadrant. The water was opacified by the addition of powdered high-dispersion titanium dioxide. The rats were placed in the water facing the pool wall at one of four randomly selected starting locations (Vorhees and Williams [@CIT0024]).

The test included two parts: the place navigation test and a spatial probe test. The place navigation test was performed with four consecutive days of training four times per day. The rat was placed in the water facing the wall of the pool at one of three uniformly spaced starting points other than on the platform in the NE quadrant. The trial began when the rat was manually placed in the water facing the wall and terminated when the rat reached the platform. The rats were given 120 s to locate the hidden platform, and any rat that did not find the platform within 120 s was guided to the platform with its escape latency recorded as 120 s. All of the rats were left on the platform for 15 s before the next trial was initiated. On the last day of the test, probe trials without the platform were assessed with a specific starting point (SW quadrant), and the platform-crossing frequency and time spent in the target quadrant were recorded.

Histological staining {#s0006}
---------------------

After the 60-day treatment, the rats were anaesthetized, placed in the supine position and perfused through the heart with saline followed by 4% formaldehyde. The brain was then removed through the cranial cavity and fixed in 4% formaldehyde. Brain sections were transferred to ethanol of different concentrations and then to dimethylbenzene. The sections were embedded with paraffin and stained with Nissl stain and HE stain. Two slide preparations were made. (A) The slides were immersed in 1% toluidine blue solution (\#89640; Sigma-Aldrich) for 6 min, then washed in distilled water, and 70% and 95% ethanol, and finally treated with 100% ethanol, three times for 1 min each and dimethylbenzene twice for 5 min each. Neuronal loss in the CA3 area of the hippocampus was observed under a light microscope (BX-50; Olympus, Japan), and the number of neurons was recorded. (B) The slides were treated with 1% toluidine blue solution for 5 min and then washed in a series of ethanol washes along with a concentration gradient and distilled water. Haematein solution was added, and the slides were maintained for 5 min following awash with water and hydrochloric acid alcohol. Eosin solution was then added and the slides were immersed for another 5 min at 37 °C. Dimethylbenzene was added after three washes with distilled water and the slides were incubated at room temperature for 10 min. Finally, the slides were placed under glass coverslips and analyzed under the light microscope.

Western blotting {#s0007}
----------------

The hippocampus was carefully removed before extracting the total protein on ice. After adding 360 μL RIPA and 3.6 μL PMSP solution (both from Biyuntian Technologic Inc., China), the homogenate was centrifuged at 12,000 rpm for 10 min. The supernatant was collected and the concentration of protein was determined using a BCA protein assay kit (Biyuntian Technologic Inc.). Equal amounts of protein were separated by SDS-polyacrylamide gels and then transferred onto PVDF membranes (Solarbio Science & Technology Co., Ltd., China). The membranes containing P-Akt were blocked in 5% bovine serum albumin (BSA), whereas the others were blocked with 5% non-fat milk for 2 h at room temperature and then incubated overnight at 4 °C with the following primary antibodies: anti-p-Akt (1:1000, \#AF0016; Affinity Bioscience, China), anti-Akt (1:1000, \#AF6261; Affinity Bioscience), anti-caspase-9 (1:1000, \#AF6348; Affinity Bioscience) and anti-β-actin (1:1000, \#TA-09;Zhongshan Biotech, China). The membranes were washed with TBST (4 × 8 min) and incubated for 2 h with HRP-conjugated secondary antibodies (\#ZB2301; Zhongshan Biotech): goat anti-mouse IgG (1:5000) and goat anti-rabbit IgG (1:8000). The blots were developed using an enhanced chemiluminescence kit and exposed to X-ray film. The protein expression levels were analyzed using Image J software (NIH, Bethesda, MD, USA).

Data analysis {#s0008}
-------------

Results are expressed as means ± SD and quantitative variables were compared by ANOVA. A *p* value less than 0.05 or 0.01was regarded as a significant difference. The data analysis was performed with SPSS 19.0 (SPSS Inc., Chicago, IL, USA).

Results {#s0009}
=======

Establishment and degree of seizures by administration of kainic acid {#s0010}
---------------------------------------------------------------------

Within 0.5 h after kainic acid injection, the rats began to experience epileptic seizures, such as chewing, continuous nodding, forelimb clonus, rolling and rearing, and then gradually stopped the seizures and regained their autonomic activities. The animals showed chronic epilepsy of grades I--V after the latency period. After 60 days of administration, kainic acid-kindled rats in the control group exhibited a gradual increase in seizure intensity from grades I to V, whereas seizure episodes in the groups receiving AEDs varied from grades I to IV ([Figure 1(A)](#F0001){ref-type="fig"}). The combined group had significantly lower scores for grades of seizure episode (1.3 ± 0.5) and frequency (1.2 ± 0.3) than the control group (3.2 ± 0.4 in grade, *p* \< 0.01; 4.0 ± 1.1 in frequency, *p* \< 0.01). Although the frequency and extent of epileptic seizures in the SXC and CBZ groups were lower than those of the control group, the differences were not significant. Therefore, the seizures could be effectively controlled with the combined administration of SXC and CBZ.

![Effects of SXC and its combined administration with CBZ on epileptic seizures. (A) Stages of epileptic seizures. (B) Frequency of spontaneous recurrent seizures in each group. Observations were made three times/day for one week, and only seizures of stage III or higher were recorded. Results are presented as means ± SEM. \*\**p* \< 0.01 vs. control group; ★*p* \< 0.05 vs. CBZ group; ▲*p* \< 0.05 vs. SXC group (*n* = 14 per group).](IPHB_A_1563619_F0001_B){#F0001}

Effect of SXC and its combined administration with CBZ on cognitive impairment {#s0011}
------------------------------------------------------------------------------

The Morris water maze was used to assess spatial learning and memory abilities in the animals with chronic epilepsy. As shown in [Table 1](#t0001){ref-type="table"}, the escape latencies in the groups receiving AEDs were decreased, and there were significant differences compared with the saline group (*p* \< 0.05 and *p* \< 0.01). Although latency in the CBZ group decreased, it was not significantly different from that in the control group. However, latency in the SXC group (*p* \< 0.05) and the combined group (*p* \< 0.01) was significantly lower than that in the control group.

###### 

Average escape latencies for finding the hidden platform on each trial day.

  Group       Dose       Latency（s）   Frequency across the platform                                     
  ----------- ---------- -------------- ------------------------------- ---------------- ---------------- ---------------
  Saline      --         31.3 ± 6.5     20.8 ± 6.4                      16.7 ± 6.1       10.2 ± 1.9       6.3 ± 1.0
  Control     --         81.4 ± 7.1‡    64.1 ± 7.8‡                     57.5 ± 7.8†      56.1 ± 7.5†      1.2 ± 0.6‡
  CBZ         50         80.2 ± 6.4‡    41.6 ± 4.4                      37.4 ± 6.0       27.7 ± 6.3       3.3 ± 0.5
  SXC         600        69.1 ± 5.3†    30.2 ± 4.3\*                    17.9 ± 5.7\*\*   18.1 ± 5.1\*\*   5.8 ± 0.8\*\*
  CBZ + SXC   50 + 600   71.7 ± 7.5†    34.1 ± 3.9                      22.5 ± 2.3\*     19.4 ± 4.0\*     4.5 ± 0.9\*

Results are presented as means ± SEM. †*p* \< 0.05, ‡*p* \< 0.01 vs. saline group; \**p* \< 0.05, \*\**p* \< 0.01 vs. control group (*n* = 6 per group).

The spatial probe test indicated that compared with that of the saline group, the frequency of swimming across the platform in the other four groups was decreased, whereas it was significantly different in the control group (*p* \< 0.01). Rats in the SXC group (*p* \< 0.01) and combined group (*p* \< 0.05) significantly improved their performances in crossing the target quadrant compared with those in the control group. Compared with rats in the CBZ group, those in the SXC group spent significantly more time in the target quadrant (*p* \< 0.05). These results indicated that along with the extension of epileptic seizures, there was a declining trend in the cognitive competence of the rats. The results after treatment with the AEDs showed that CBZ alone could not significantly improve the learning and memory ability of the rats, whereas the administration of SXC and the combined administration of SXC + CBZ better ameliorated the changes in cognitive competence of the rats.

Effect of the combined administration of SXC + CBZ on histopathological damage {#s0012}
------------------------------------------------------------------------------

Observation of the Nissl- and HE-stained sections distinctly revealed that the neurons in the CA3 region of the hippocampus in the saline group were finely clustered together, with their contour clear and cytoplasm transparent ([Figure 2(A)](#F0002){ref-type="fig"}). In the control group, however, the nucleoli were pyknotic, and missing and disordered arrangement of neurons was evident ([Figure 2(B)](#F0002){ref-type="fig"}). Such damage was much less severe in the AED-treated rats. Alterations of the structure in the hippocampus were significantly reduced in the CBZ and combined groups. There was also a significant difference in the amounts of neurons in the CBZ group (*p* \< 0.01) and combined group (*p* \< 0.01) compared with the control group ([Figure 2(C)](#F0002){ref-type="fig"}).The combined administration group (*p* \< 0.05) showed evident superiority over the CBZ group. However, the SXC treatment group *per se* did not show any overt improvement in the neurons and hippocampus. These figures indicated that the combined administration of SXC and CBZ provided superior neuronal protection in epilepsy.

![Effects of SXC and its combined administration with CBZ on kainic acid-induced death. (A) Nissl staining of the CA3 region in the hippocampus of each group (magnification × 200). (B) HE staining of the CA3 region in the hippocampus of each group (magnification × 200). (C) The number of surviving neurons in each group. Results are presented as means ± SEM. △*p* \< 0.05, △△*p* \< 0.01 vs. saline group; \*\**p* \< 0.01 vs. control group; ★*p* \< 0.05 vs. CBZ group; ▲▲*p* \< 0.01 vs. SXC group (*n* = 6 per group, scale bars: 100 μm).](IPHB_A_1563619_F0002_C){#F0002}

Effect of SXC and its combined administration with CBZ on the expression of p-Akt, Akt and caspase-9 in the hippocampal CA3 region {#s0013}
----------------------------------------------------------------------------------------------------------------------------------

The expression of p-Akt in the groups receiving AEDs was increased, and it was significantly upregulated in the SXC group compared with the saline group ([Figure 3](#F0003){ref-type="fig"}). Simultaneously, p-Akt expression was obviously enhanced in the combined group compared with the CBZ group (*p* \< 0.01). Based on statistical analysis, although the expression of caspase-9 decreased in the CBZ group, it decreased significantly in the SXC and combined groups compared with the control group (*p* \< 0.01). The expression of caspase-9 in the combined administration group (*p* \< 0.01) also significantly decreased compared with that in the CBZ group. These results indicated that the expression of p-Akt was obviously enhanced and that of caspase-9 significantly decreased in the group treated with CBZ and SXC together, which might have inhibited the apoptosis of neuronal cells.

![Effects of SXC and its combined administration with CBZ on the expression of p-Akt, Akt and caspase-9 in the hippocampus of each group. (A) Western blotting was performed to evaluate the protein expression of p-Akt, Akt and caspase-9. β-actin was used as an internal control. (B and C) Densitometry analysis was performed with Image J software. Results are presented as means ± SEM. △*p* \< 0.05, △△*p* \< 0.01 vs. saline group; \**p* \< 0.05, \*\**p* \< 0.01 vs. control group; ★★*p* \< 0.01 vs. CBZ group; ▲▲*p* \< 0.01 vs. SXC group (*n* = 6 per group).](IPHB_A_1563619_F0003_B){#F0003}

Discussion {#s0014}
==========

Epilepsy is a common chronic relapsing disease of the nervous system (Huberfeld et al. [@CIT0010]), for which combined treatment with SXC and CBZ is used clinically to treat epileptic seizures. Studies have found that SXC can prominently reduce cell apoptosis and improve the ultrastructure of the rat hippocampus (Zheng and Liang [@CIT0035]). The present study showed that after 60 days of treatment, the administration of SXC or CBZ alone could not effectively control epileptic seizures, yet combination therapy with SXC and CBZ showed significant curative effects against epilepsy. The results indicated that the combined use of SXC and CBZ could improve the antiepileptic effects in kainic acid-kindled rats.

Chronic epilepsy greatly influences brain function. Status epilepticus can cause abnormal brain structures, especially in the CA1 and CA3 areas of the hippocampus that can lead to the loss or even necrosis of neurons (Allen et al. [@CIT0001]). Cognitive impairment has also been reported as a main neurobehavioural comorbidity of chronic epilepsy (Zhao et al. [@CIT0034]), and its damage to learning and memory functions has become a non-ignorable part of epilepsy treatment that significantly affects the outcome and living quality of epileptic patients. Studies have confirmed that the structure of the hippocampus is closely related to cognitive function (Gilbert et al. [@CIT0007]), animals whose hippocampal formation has been destroyed show a decline in learning and memory ability, and patients with the hippocampus surgically resected suffer from cognitive dysfunction (Titiz et al. [@CIT0022]). Rat models of status epilepticus have proved that damage to the cyclic adenosine monophosphate/protein kinase A signal transduction pathway can also lead to cognitive dysfunction in pubescent rats (Vã z-Lp et al. [@CIT0023]). Results of the Morris water maze experiment in the present study illustrated that with the extension of epileptic seizures, the learning and memory ability of rats decreased and administration of CBZ alone for 60 days could not effectively improve the cognitive ability of the rats. For the groups receiving SXC, however, the number of rats traversing the original platform position increased, and the escape latency shortened, indicating that the learning and memory abilities of the epileptic rats significantly improved. It can be inferred that the administration of SXC and CBZ alleviates the neuronal damage occurring in the epileptic hippocampus, inhibit neuronal apoptosis and improve cognitive function in the brain.

Neuronal damage and loss in the hippocampus are the main consequences of long-term epileptic seizures that lead to hippocampal sclerosis and cerebral injury (Cendes et al. [@CIT0004]). Cognitive deficit is also related to neuronal cell loss (Fuentes and Smith [@CIT0005]). Therefore, the protection of hippocampal neurons has become a crucial target for improving the pathological process of epilepsy and the prognosis of affected patients. In the present study, although the CA3 region of the hippocampus showed no obvious neuronal loss in the SXC group, even fewer neurons were lost in the CBZ and combined groups. The combined administration group showed the best neuronal protective effect of all of the groups. These results indicated that the combined administration of SXC and CBZ could reverse neuronal damage occurring in the CA3 region of the hippocampus by protecting neuronal cells from apoptosis.

Studies in recent years have found that the PI3K/Akt signal pathway has a certain relationship with hippocampal hypoxic-ischaemic brain injuries caused by chronic epilepsy (Kitagawa et al. [@CIT0014]). The activation of the PI3K/Akt signal transduction pathways in cells downstream of its signal cascade reaction may be the key to resisting apoptosis (Zheng et al. [@CIT0036]). Akt could be activated via phosphorylation at site 308 of threonine and site 473 of serine and then exert its inhibitory or activation effects on downstream proteins NF-κB, Bad and caspase, thus promoting cell survival (Shultz et al. [@CIT0020]). Caspase-9 is the initiator and central part of the cell apoptosis pathway. Akt can phosphorylate and deactivate caspase-9, ultimately blocking cell apoptosis. Consistently, our study confirmed that compared with treatment with CBZ or SXC alone, the administration of CBZ together with SXC increased the expression of p-Akt and inhibited the expression of caspase-9 to significantly control the process of apoptosis and protect neuronal cells. The results indicated that the mechanism of action may be related to activation of the PI3K/Akt signal pathway, phosphorylation of Akt proteins and inhibition of caspase-9 mitochondrial apoptosis, thus ultimately resisting cell apoptosis and exerting neuronal protective effect.

In conclusion, this study on the use of SXC together with CBZ provided a theoretical basis for epileptic therapy. The combined administration of SXC and CBZ was more effective in the control of epileptogenesis, alleviated damage to hippocampal neurons and protected against cognitive impairment in kainic acid-kindled rats. Its mechanism of action may be related to the upregulation of p-Akt and the inhibition of caspase-9 expression. The combined administration of SXC with CBZ may provide a prospective therapeutic option to improve the treatment of epileptic patients.
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